The well-studied Type IIn supernova (SN) 1998S is often dubbed the prototypical SN IIn, and it provides a unique opportunity to study its progenitor star from within as the object lights up dense circumstellar material (CSM) launched from the star before it underwent core collapse. In this article we present a Keck HIRES spectrum of SN 1998S taken within a few days after shock breakout -both the earliest high-resolution (∆λ < 1.0Å) spectrum published of a SN IIn and the earliest published spectrum of SN 1998S. Our analysis indicates that the inner CSM displays qualitatively different properties from the outer CSM, perhaps owing to a change in the mass-ejection properties of the progenitor ∼10 yr before core collapse. Modern SN studies achieve remarkably short turnaround times between the SN shock breakout and the first observed spectrum, but high-resolution spectra of very young SNe are rare; the unique spectrum presented here provides a useful case study for observations of other young SN systems, including SN 2013cu, which displayed a remarkably similar spectrum when very young. We examine the fully resolved emission-line profiles of SN 1998S to ascertain the composition, density, and velocity gradients within the CSM, finding evidence for extreme (and short-lived) mass loss at velocities much less than those characteristic of Wolf-Rayet (WR) stars. A comparison with a spectrum of SN 2013cu indicates similar sub-WR velocities, suggesting that its progenitor was also not a WR star.
Introduction
Type IIn supernovae (SNe) provide unique observational windows into the end stages of stellar evolution in massive stars. Though they are relatively rare (making up ∼9 % of all core-collapse SNe; Li et al. 2011; Smith et al. 2011) , SNe IIn display a large diversity in observed properties. The class is identified by the presence of narrow or intermediate-width emission lines (full width at half-maximum intensity [FWHM] 700 km s −1 ), which are created by radiative recombination in relatively slow-moving circumstellar material (CSM) that is illuminated by photons emerging from the shock at the SN-CSM interface (e.g. , Schlegel 1990; Chugai 1991; Filippenko 1997; Fransson et al. 2002) . A dense shell of swept-up material develops in the post-shock medium, which can suppress or mask the underlying broad (few 1000 km s −1 ) ejecta features typically seen in normal SN spectra.
The commonly accepted explanation for the relatively dense CSM around the progenitors of SNe IIn requires significant mass loss from the progenitor stars in the years and decades before they undergo core collapse. A broad range in mass-loss rates from a diversity of possible progenitors yields a broad range in observed properties (e.g., Kiewe et al. 2012) . SNe IIn can be some of the most luminous SNe in the Universe, efficiently converting the bulk kinetic energy of the expanding SN ejecta into light through shock interaction with the CSM (e.g., Ofek et al. 2007; Smith et al. 2010) , and they seem to create large amounts of dust compared to other SN classes (e.g., Fox et al. 2011) .
SN 1998S was discovered in NGC 3877 on 1998 March 2.68 (UT dates are used throughout this article), with a nondetection ∼3 d earlier (Li et al. 1998; Qiu et al. 1998 ). This indicates that SN 1998S was discovered within a few days of core collapse (Leonard et al. 2000) , though the exact times of core collapse and shock breakout are uncertain. Accordingly, all epochs used here are relative to the discovery date. SN 1998S is one of the best-studied examples of the SN IIn class, with well-sampled optical and infrared light curves (e.g., Fassia et al. 2000; Gerardy et al. 2002) , low-resolution optical spectroscopic and spectropolarimetric observations (e.g., Leonard et al. 2000; Anupama et al. 2001; Wang et al. 2001) , very late-time spectroscopic observations (e.g., Mauerhan & Smith 2012) , space-based UV spectroscopy (Fransson et al. 2005) , X-ray and radio observations (Pooley et al. 2002) , and high-resolution optical spectroscopy (e.g., Bowen et al. 2000; Fassia et al. 2001) , as well as thorough theoretical analyses (e.g., Chugai 2001) . A self-consistent scenario has arisen from these studies: the progenitor of SN 1998S was a supergiant that underwent an epoch of increased mass loss in the years before core collapse, creating a dense, complex, and likely asymmetric CSM that extended out to large radii.
In this paper, we present a single epoch of high-resolution echelle spectroscopy of SN 1998S observed on 1998 March 4 -the earliest spectrum of this object yet published (1.86 d after discovery), and (we believe) the earliest high resolution (∆λ < 1.0Å) spectrum of a SN IIn ever taken. Capturing a spectrum of a SN while it is very young is a serious challenge, but recent technical advances have begun to push the envelope for what are called "early" spectra of core-collapse SNe -perhaps even probing the fading emission attributed to shock breakout from the progenitor star ("flash spectroscopy"; Gal-Yam et al. 2014) . Although there are significant differences between the physical environment of SN 1998S and the environs of other SNe not of Type IIn, there are also many similarities, especially when considering the spectral signatures of progenitor winds illumi-nated by shock breakout from the star or by shock interaction with a dense CSM. We believe that the spectrum presented here can serve as a useful case study when interpreting very early-time spectra of many core-collapse SNe. In § 2 we present our data and reduction techniques, while § 3 synthesizes those data with other studies of SN 1998S and additional objects. We summarize our conclusions in § 4.
Observations and Data Reduction
Between 12:45 and 13:20 on 1998 March 04, we obtained a set of spectra of SN 1998S with the Keck High Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994) , exposing for 2 × 500 s in each of two setups, h03 and h07. Setup h03 covers a wavelength range of 3875-6270Å with a measured resolution of ∼ 0.3Å, while setup h07 covers 5065-7480Å at a resolution of ∼ 0.2Å. (Quoted resolutions are averaged FWHM measures from Gaussian fits to narrow Milky Way Na I D lines and telluric absorption lines in our reduced spectra.)
For each setup the two 500 s exposures were reduced using the MAKEE program 1 and coadded. Unfortunately, proper flux standards were not obtained for either setup that night, and so a true flux calibration is impossible for these spectra. However, because the early continuum of SN 1998S is remarkably smooth and well-defined for the first several days (Leonard et al. 2000; Fassia et al. 2001) , we are able to remove the convolved SN continuum and flatfield imperfections by fitting for and dividing by a smooth pseudo-continuum both across orders and within each individual order of our HIRES spectra.
We first fit a smooth nonparametric function to the median values of each order to determine the response function along the y axis of the CCD (the axis along which echelle orders are spread). To account for the few prominent broad-wavelength features in our spectra, we do not include the values from orders heavily affected by these emission features. After dividing our spectrum by the y-axis response function, we fit another smooth nonparametric function within each individual order, and again divide our spectrum by it, effectively accounting for the variations of the SN continuum and flatfield along the x axis of the CCD (the axis along which each individual order is dispersed). Again we must be concerned about the few broad features, and so we interpolate the response functions of neighboring orders onto those orders having broad emission lines. The x-axis response functions change slowly with order number, so this procedure should approximate the true response function well. The C III λ5696 emission line was clearly detected in both setups and provides a quick check that our wavelength and relative-flux procedures produce a well-calibrated spectrum. Fitting a simple Gaussian to the feature in each setup yields line centers that match to within 0.05Å and amplitudes that match to within 0.2%.
The result of the above procedure is a spectrum in units of F λ /F λ,c , where F λ,c is the flux per unit wavelength of the SN continuum. To get a spectrum in units of F λ we must determine F λ,c . We approximate F λ,c for the March 4 spectrum by measuring it from a well-calibrated Keck Low Resolution Imaging Spectrometer (LRIS) observation taken on March 6 (Leonard et al. 2000) . At these early times the SN continuum is smooth, there are no broad absorption features, and the SN exhibits a UV excess compared to a simple blackbody; we choose to define the continuum with a smooth nonparametric spline function. We assume that the continuum shape is only changing slowly at early times (as implied by spectra from days 3, 4, and 5; Leonard et al. 2000) , so the continuum on day 2 should be very similar to that shown on day 4. However, this procedure is fraught with uncertainties, and the relative flux calibration of the March 4 HIRES spectrum should be taken as approximate at best. But these uncertainties only minimally affect the results of this paper, as the widths, positions, and shapes of all emission lines are well determined though their absolute flux level may not be. Figure 1 shows our final HIRES spectrum alongside the well-calibrated LRIS spectrum for comparison. (day 2) and a well-calibrated LRIS spectrum taken two days later (day 4); both are shown before application of any dust reddening correction. The full HIRES spectrum is shown in grey, with a spectrum binned to the approximate resolution of the LRIS spectrum overlain in black. The LRIS spectrum is shown at bottom along with the measured SN continuum (red), which has been applied to the HIRES spectrum during the approximate flux-normalization procedure (see §2).
As an additional test, we compare the HIRES spectra of other stars observed the same night as SN 1998S to well-calibrated standard library stars of the same stellar type (Pickles 1998). This produces a full-CCD response function for each order (accounting for the convolved effects of imperfect flatfielding and the intrinsic instrumental response), and we then divide our uncalibrated spectra by this response function. This procedure is likely prone to significant errors owing to natural variations among stellar spectra, even within their spectral type, and to the difference in resolution between the library spectra (∆λ ≈ 5Å) and the HIRES spectra (∆λ ≈ 0.25Å). These flux-calibrated spectra are roughly similar to those calibrated by the procedure outlined above, though with worse agreement between the two setups where they overlap and with slight internal inconsistencies. The first procedure appears to be superior, so we proceed with it.
Note that our spectral coverage is not complete over the full 3875-7480Å range; there are gaps between many of the spectral orders (complete coverage at the blue end spreads out to a ∼ 50Å gap between the two reddest orders). Our final composite spectrum includes coverage from setup h03 over the range 3875-6265Å and from setup h07 over the range 6275-7480Å; it will be made available in electronic format on WISeREP (the Weizmann Interactive Supernova data REPository; Yaron & Gal-Yam 2012) . 2 The total interstellar reddening toward SN 1998S is E(B − V ) ≈ 0.23 mag (Leonard et al. 2000) , and the SN exhibits a recession velocity of v = cz = 846.9 ± 2.9 km s −1 (z = 0.00283; Fassia et al. 2001) . We apply appropriate redshift and reddening corrections to all spectra before analysis, assuming a Cardelli et al. (1989) dust law and R V = 3.1.
Young SN 1998S in High Resolution
Figure 2 shows our 1998 March 4 HIRES spectrum in full resolution with all identified emission lines labeled. Uncorrected telluric absorption features are apparent in our spectrum; we make sure they do not overlap with the features of interest and otherwise ignore them. For each identified line we either fit a single Gaussian profile or, for the strongest few Balmer lines which clearly display strong extended wings, the sum of a Gaussian profile and a modified Lorentzian profile (where the exponent is allowed to vary from 2.0). For each line we perform a maximum likelihood fit and estimate our parameter errors using Markov-Chain Monte Carlo methods; the results are listed in Table 1 . -A simple cartoon model of SN 1998S and its circumstellar environment. We define three zones: the SN ejecta (shown in black), the inner CSM region (blue), and the outer CSM region (orange). A fraction of the CSM is obscured by the SN photosphere and some parts are not yet illuminated by the shock-breakout flash, which is propagating through the extended wind at the speed of light. These effects are illustrated by the grey mask, assuming the observer is to the right of the figure (note that this figure is not to scale).
Figure 3 displays a simple cartoon of SN 1998S and its CSM. SN 1998S was a hydrogen-rich core-collapse SN, and the expanding SN ejecta exhibited radial velocities of v ≈ 5000 km s −1 (Leonard et al. 2000) . This is shown in black at the center of the diagram. For the analysis presented here, we subdivide the CSM into two major components: the inner region, which exhibits a relatively high density, and the outer region, which extends out to very great radii and has a slowly declining radial density profile (after a precipitous density drop across the boundary of the inner and outer CSM regions); this scenario is informed and supported by several previous studies (e.g., Leonard et al. 2000; Chugai 2001; Fassia et al. 2001; Mauerhan & Smith 2012) . In Figure 3 the inner CSM is shown in blue and and the outer CSM is in orange. An Earth-bound observer is shown to the right. The regions of the system that are either obscured by the expanding photosphere or are not yet illuminated to the observer owing to the finite travel time of light have been masked in grey. Note. -Identified absorption and emission lines, as well as measures of the FWHM and velocity offset as determined through a maximum likelihood fit. Lines were fit with a Gaussian profile unless otherwise noted, and all errors are 1σ confidence levels estimated by Markov-Chain Monte-Carlo sampling, but do not include any systematic errors due, for example, to biases imparted by the instrument or reduction method. Line identifications made with the assistance of the NIST Atomic Spectral Database * . † Line fit by a modified Lorentzian profile with a variable exponent. * www.nist.gov/pml/data/asd.cfm Note that Figure 3 is not drawn to proportion. To orient the reader, here are rough scales for the model system 5 d after core collapse, assuming v ejecta ≈ 5000 km s −1 (Leonard et al. 2000) , v wind ≈ 40 km s −1 (see Table 1 ), and the density profile outlined by Chugai (2001) : the radius of the photosphere is ∼ 2×10 14 cm, the radius of the inner/outer CSM boundary is ∼ 10 15 cm, the density of the inner CSM region is of order 10 −13 g cm −3 , the density of the outer CSM region is of order 10 −16 g cm −3 or less, and the ionizing shock breakout radiation had traveled ∼ 5 × 10 15 cm into the far hemisphere of the wind. Assuming the entire CSM was created by stellar winds launched from the progenitor star, the inner/outer CSM boundary corresponds to a change in stellar wind properties ∼ 10 yr before core collapse.
To understand the effect of finite light travel time on the observed spectrum, consider the system immediately after shock breakout, as the intense flash of radiation is propagating through the wind and ionizing it. Radiative recombination radiation from the CSM along the line of sight between SN and observer will follow the shock-breakout radiation with very little time lag, but the Earth-bound observer will not begin to detect recombination emission from material along other lines of sight until the ionizing shock radiation has reached that CSM and the recombination emission has then had time to propagate back to the observer. For a system like SN 1998S, which has a significant amount of material extending to at least 10 17 -10 18 cm (∼ 10-100 light days), this effect may be important when interpreting early observations. For example, CSM located at a radius of 10 15 cm on the far side of the SN (but not obscured by the photosphere) would contribute flux to the observed spectrum at a time lag of about 19 hr relative to CSM located at the same radius on the near side of the SN. To further confound the issue, the density profile (and therefore ionization potential) is likely to be a strong function of radius. Any observed spectrum will therefore include emission from material ionized by the cooling shock breakout radiation at different times after breakout (or by energetic photons from the ejecta/CSM shock boundary), the emitting material will continue to produce recombination radiation for different timescales after ionization, and this material will also be located at a diversity of radii and Doppler shifts relative to the observer. All of this is, of course, is in addition to the evolving emission from the bright photosphere itself.
This simple model assumes that the progenitor system had a more-or-less spherically symmetric CSM surrounding it, but this is unlikely to be the case. Several papers have claimed that SN 1998S exhibited a disky distribution of CSM with the axis of symmetry approximately orthogonal to our line of sight (e.g., Leonard et al. 2000; Gerardy et al. 2000; Chugai 2001 ). This kind of configuration is plausibly created by equatorially enhanced winds off of the progenitor star (e.g., Bjorkman & Cassinelli 1993; Ignace et al. 1996) , and it is regularly observed in massive stars (e.g., Coyne & McLean 1982; Zickgraf et al. 1985; Schulte-Ladbeck et al. 1992) . Assuming this type of asphericity in the CSM distribution around SN 1998S leaves our model qualitatively unchanged so long as the wind is ballistically launched from the progenitor and not, for example, in an accretion disk or some other velocity distribution configuration.
The Expanding SN Ejecta
The broad P-Cygni absorption and emission features usually observed in SN spectra were not apparent in SN 1998S until about 15 d after discovery, and they remained remarkably weak throughout the SN's photospheric phase (Leonard et al. 2000; Fassia et al. 2001) . As described by Chugai (2001, and citations within) , this observational fact is good evidence for an optically thick cool dense shell (CDS) formed between the outer shock boundary (where the ejecta are sweeping up CSM) and the inner shock boundary (where the reverse shock is propagating into the expanding ejecta). As Chugai (2001) shows, in SN 1998S this CDS is opaque in the Paschen continuum (λ ≤ 8200Å) for the first 40-50 d after core collapse. Because the photosphere will form near the outer edge of the CDS with very little accelerated material exterior to it, line features from the SN ejecta are not expected. Incomplete or aspherical coverage of the CSM may explain why weak ejecta features do eventually appear in the spectra of SN 1998S.
The very early spectrum presented here exhibits a smooth continuum with strong and (nearly) symmetric emission lines (see Figure 1 ). The absence of broad ejecta features is unsurprising as the spectrum was observed only a few days after core collapse, a time when the photosphere lies at the outer edge of the CDS (Chugai 2001) . Leonard et al. (2000) show that the ejecta features, after they do emerge from the continuum, are characteristic of a SN II, with H and He features alongside those from Fe, Si, and O. The velocity of the expanding CDS appears to be ∼ 4000-5000 km s −1 as measured by the blue edge of the ejecta features once they emerge and by the width of the boxy Hα emission at late epochs (Leonard et al. 2000; Gerardy et al. 2000) . This implies that the outer edge of the CDS and shock-accelerated material is at a radius of R ≈ 10 14 cm when the HIRES spectrum was taken, 2-5 d after shock breakout.
The Inner Wind
As we mentioned in §2.1, and as other authors have noted (Leonard et al. 2000; Anupama et al. 2001; Fassia et al. 2001) , the strong H emission lines observed in SN 1998S's early-time spectrum are well represented by the sum of a narrow Gaussian profile and a broad modified Lorentzian profile. Chugai (2001) calculated a series of Monte Carlo radiative transfer models showing that these line profiles appear to come from a sharp photosphere embedded in an optically thick CSM (τ ≈ 4, likely created by a progenitor wind) that is well described by a two-component radial density law. The recombination emission arising within the dense CSM is "diffused" in frequency by Thomson scattering. The end result is a narrow line core (with a Doppler width indicative of the emitting material's velocity) having broad wings (which provide a measure of the Thomson optical depth in the CSM). This electron-scattering process has been observed to produce similar broad symmetric line profiles in several SNe IIn (e.g., SNe 2010jl, 2011ht; Fransson et al. 2013; Mauerhan et al. 2013a ).
In our discussion, we adopt the Chugai (2001) two-component (j = 1, 2) density parameteri-zation:
with parameters ρ c,1 = 2.6 × 10 −14 g cm −3 , R c,1 = 8 × 10 14 cm, s 1 = −2, p 1 = 10, ρ c,2 = 6.4 × 10 −17 g cm −3 , R c,2 = 5 × 10 15 cm, s 2 = 0, and p 2 = 2. This density profile implies two very different epochs of mass loss from the progenitor: the first (forming the low-density outer CSM) with a linear wind density of w ≈ 2 × 10 16 g cm −1 , and the later epoch (forming the high-density inner CSM) with w ≈ 2 × 10 17 g cm −1 . Note that light travel time across this inner CSM region is much less than 1 d; thus, by the time our HIRES spectrum was taken, the entire inner CSM had been flash ionized and much of it should have undergone recombination after the SN flash had faded, as recombination times for ionized clouds of these densities and temperatures are quite short -of order a few minutes for the inner wind, and a few hours for the outer (Osterbrock & Ferland 2006 , assuming gas temperatures as derived in §3.4 and §3.5). This indicates that the inner CSM region is likely being ionized by the ejecta/CSM shock boundary, and not by the shock breakout from the progenitor star itself.
The HIRES spectrum presented here illustrates a further wrinkle: in all two-component lines, the broad wings are systematically blueshifted from the narrow cores by ∼ 50 km s −1 . Figure  4 shows the first three lines of the Balmer series and their best-fit profiles. Similar profiles are observed in the strongest few C and N lines and in He II λ4686 (see Figure 2) . Unfortunately, deconvolving all of the overlapping line profiles near the N III/C III/He II complex around 4650Å is difficult, and so the same sort of simple two-component fitting procedure we used for the H lines is not applicable; however, a rough analysis indicates that a similar offset between the central wavelengths of the broad wings and narrow cores exists.
We interpret these broad wing blueshifts as strong support for the scenario above. The Thomson scattering effect arises predominantly within the densest regions of the CSM, which occur at small radii (near the photosphere) where photospheric obscuration is important. In effect, we observe more electron scattering from the near hemisphere of the CSM than from the far, and this imparts a slight blueshift on the observed line because the near hemisphere is moving toward us at wind-like velocities. The narrow core emission, in contrast, comes from the ionized material throughout the CSM, and photospheric obscuration is much less important because a smaller fraction of the emitting material is obscured.
Note that the strongest He I lines show no trace of broad wings though they are as strong as or stronger than the He II λ4686 line. This indicates that the He II emission is predominantly arising within the inner CSM region, where Thomson scattering plays a role, while the He I emission comes from the outer CSM, where the densities are too low for significant scattering. See, in addition, Figure 5 , which shows that the narrow core He II emission is dramatically broader and bluer than the narrow He I lines, again indicating that the He I and He II emission arises from different regions within the SN environment.
In addition to the broad Lorentzian and narrow Gaussian components noted above, the strongest H lines appear to have a second narrow emission feature (Gaussian FWHM ≈ 40 km s −1 ) blueshifted from the main narrow feature by ∼ 180 km s −1 (again, see Figure 4 ). The physical source of this secondary emission bump is difficult to determine. Little or no evidence for a similar secondary blueshifted narrow peak is apparent in high-resolution spectra from later dates (March 20, April 8; Bowen et al. 2000; Fassia et al. 2001) , and the spectral resolution of other early-time spectra is far too low to resolve the secondary peak. This emission may come from a shock-ionized clump of remarkably overdense CSM, thrown off in an asymmetric outburst before core collapse. An alternative explanation is that, rather than surplus narrow-line emission at −180 km s −1 , there is a deficit of broad-line emission at approximately −100 km s −1 owing to slight P-Cygni absorption where the inner CSM region's broad-line flux is being absorbed by H in the outer CSM. As described in more detail in §3.4, there is good evidence for this scenario, with weak P-Cygni absorption present in all of the narrow H and He I lines, though the actual absorption trough is detectable in only the strongest few.
Clear P-Cygni profiles are apparent for only two species in our HIRES spectrum: N III λλ4097, 4103 and C IV λλ5801, 5812. Figure 6 shows these lines in detail. Interestingly, the other N III doublet at λλ4634, 4641 exhibits lines with narrow cores and broad wings much like the Balmer lines, with no trace of a P-Cygni profile. There are no other C IV lines in our spectrum. P-Cygni profiles arise when the radius of the obscuring (and ionizing) photosphere is smaller than but of Table 1 ).
a comparable size with the optically thin line-forming region. The presence of these profiles only in the high-ionization states of C and N indicates that these lines arise in regions at low radii compared to the other (symmetric) emission lines. It is not obvious how to compare the velocity widths of these P-Cygni lines to the Gaussian FWHM measurements we present for the other narrow emission lines in our spectrum, but the widths of the entire P-Cygni feature in these lines are ∼ 100-200 km s −1 , qualitatively broader than any of the narrow emission lines we observed.
Radiation pressure from the ejecta/CSM shock boundary and from the SN itself is expected to accelerate the CSM outward and will set up a radial velocity gradient on top of any alreadypresent velocity gradient due, for example, to variations in the mass-loss rate and wind velocity from the progenitor star. Chugai (2001) assumed such a scenario when producing model emissionline profiles, and here in our HIRES spectrum we observe strong evidence for a velocity gradient in the CSM surrounding SN 1998S. Figure 7 shows histograms of the observed line widths and line-center shifts for the emission lines in Table 1 . Emission arising from higher ionization states for C, N, O, and He display broader line widths than their low-ionization counterparts do, which is 5785 5800 5815
Rest Wavelength ( showing evidence for P-Cygni profiles in our spectrum taken on March 4 (day 2). Later spectra exhibit P-Cygni profiles in several ions (Fassia et al. 2001) . The full-resolution spectrum is in black, the red line shows the smoothed spectrum, and the dotted lines give the rest wavelengths of each doublet. Note the Hδ emission also present near the N III doublet.
easily understood in the context of an ionizing radiation field that falls off in strength farther from the expanding ejecta. The CSM at low radii is moving more rapidly and has been ionized by more intense radiation than the CSM at large radii. The He I and He II lines illustrate this trend nicely; see Figure 5 .
In addition to the trend in line widths described above, Figures 5 and 7 demonstrate that the high-ionization lines tend to be more blueshifted than their low-ionization counterparts. This is likely caused by the photospheric obscuration effect: a larger fraction of the emitting volume is obscured for material that lies at small radii than for material at large radii, and so lines arising near the photosphere are blueshifted relative to lines arising at a large distance or throughout a large volume. Note that this line-center effect is significantly smaller than the line-width effect, as expected.
As Figure 8 shows, there was little change in the spectrum of SN 1998S between March 4 and 6, days 2 and 6. One subtle difference is the rise of broad emission in the C IV λλ5801, 5812Å doublet and the N IV λ7115Å complex in the spectrum from March 6. These features do not display the characteristic shape of other emission lines in the spectrum (narrow core, sometimes with broad wings). Instead they are broad, slightly asymmetric, and smooth; they appear to be the first features to arise from the post-shock material. These features have faded away by the time Table 1 .
the March 27 (day 25) spectrum was taken, and Fassia et al. (2001) show that they are present in their spectrum from day 4 and have largely disappeared by day 17. It appears that these C and N features came from the dense inner CSM as it was swept up by the expanding CDS, and not from the ejecta themselves. This is in concordance with the simple model set forth in §3.1, where the boundary between the dense CNO-enriched inner CSM and the outer CSM falls at radii between a few times 10 14 cm and 10 15 cm.
The Outer Wind
Several studies have established that the CSM around SN 1998S extended out to large radii (e.g., Leonard et al. 2000; Gerardy et al. 2000; Fassia et al. 2001 ), consistent at very large radii with the density gradient expected to be caused by the wind off of a red supergiant (RSG) progenitor (Mauerhan & Smith 2012) . This forms what we call the outer CSM region, and recombination emission from this region contributes to the narrow emission features in our HIRES spectrum.
As Figure 7 shows, the outer CSM emission lines in the HIRES spectrum have a median Gaussian FWHM of ∼ 35-40 km s −1 , consistent with the velocities of winds from RSGs (Jura & Kleinmann 1990 ). These narrow lines are fully resolved, which was not true for the low-resolution early spectra published by Leonard et al. (2000) and Fassia et al. (2001) 
WN7h
March 4
March 6
March 27
Fig. 8.-The HIRES spectrum of SN 1998S, as well as low-resolution spectra taken at later phases (Leonard et al. 2000) and a model WR star spectrum, for comparison (WNL-H50, log R t = 0.6 R , T = 50, 100 K Hamann & Gräfener 2004) . Note that a continuum fit has been subtracted from all spectra and that the P-Cygni absorption features in the WR spectrum have been demphasized to facilitate visual comparison with the other spectra. Notable lines discussed in the text are marked with dotted lines. spectrum was obtained, only days after core collapse, the bright emission from shock breakout was still propagating through the extended wind region and ionizing it. For an observer on Earth, only a small volume of the entire wind region was emitting recombination emission at this epoch, and the emission that is observed is coming from material with a wide range of densities and radiation temperatures. These effects are somewhat mitigated by the radial density profile in the CSM. In an optically thin medium, emission roughly traces the density of material, and so CSM at small radii (where light travel time effects are less important) should contribute most to the narrowline emission in our spectrum. However, Mauerhan & Smith (2012) have shown that a significant amount of material is present even at R ≈ 2 × 10 17 cm. At ∼ 5 d after shock breakout, only ∼ 5% of a sphere of material with that radius would be illuminated, so we must keep the light-travel effects in mind when considering the early-time spectra of SN 1998S. Figure 8 demonstrates that the spectrum of SN 1998S changes remarkably between days 4 and 25, with most of the narrow emission lines disappearing and being replaced by broad absorption and emission features arising within the SN ejecta. However, a few narrow features do remain, most notably clear P-Cygni profiles of H and He I. By day 25 the ejecta has expanded to a radius 10 15 cm, so the inner CSM region has been completely overtaken by the SN shock and the (still relatively opaque) CDS. The persistence of narrow H and He I indicates that there is still a large amount of those ions outside this radius in the outer CSM region.
Without detailed modeling it is difficult to interpret these observations. However, models of photoionized nebulae have been extensively explored. Despite the significant differences between these modeled systems and that of SN 1998S, we use them as a guide. Nebulae with a centrally located ionizing source and a radially decreasing density exhibit very close overlaps of their He + , C 3+ , and N 3+ regions (e.g., Flower 1969; Osterbrock & Ferland 2006) . The day 2 HIRES spectrum of SN 1998S displays C III and N III lines as strong as or stronger than the He I lines, but they have disappeared entirely by day 25 while narrow He I features persist. There is no sign of lowerionization C, N, or O lines at this later time. Taken together, these observations indicate that the outer CSM region (where the narrow lines at day 25 originate) has substantially less C and N than the inner CSM region (which is probed by the day 2 spectrum). A more thorough exploration through modeling would be informative but proves difficult owing to the complex ionizing source (SN shock breakout and shock interaction between the CSM and the ejecta), the aspherical nature of the SN system (e.g., Leonard et al. 2000) , and the dramatically short timescales on which SNe evolve.
[O III] emission lines are clearly detected in our early HIRES spectrum, and Figure 7 indicates that they arise in the outer low-density wind region (as expected). The relative intensities of the [O III] λλ4363, 4959, 5007, lines are effective probes of the temperature of the emitting region (e.g., Osterbrock & Ferland 2006) . However, these lines are also sensitive to the electron number density (∝ n −1 e ), and so we estimate n e by assuming the density in the outer CSM is ∼ 10 16 g cm −3 (see §3.1) and approximating the outer CSM as a fully ionized hydrogen nebula. Doing so yields an outer CSM temperature of T ≈ 8000 K. Figure 7 indicates that there is a velocity offset between the narrow H and He I lines and the other narrow emission features. We interpret this as evidence for weak P-Cygni absorption by the H and He in the outer CSM region. At day 2, because of the strong underlying density gradient, there is much more H and He in the inner CSM region than in the outer, and so this inner CSM (with a relatively large velocity) dominates the early narrow-line emission. However, blueshifted absorption occurs from the H and He in the outer CSM region along the line of sight, pushing the emission peak redward. The blue edge of this absorption is perhaps observed in the brightest H lines, overlain on the broad emission (see §3.3 and Figure 4 ). Note that this blue-wing absorption occurs only if there is a significant amount of cool material at large radii, moving toward the observer. The relative strength of this effect in the H and He lines compared to other lines indicates that there is not much partially ionized C and N at large radii, because either the ionization parameter is low or there is little CNO-processed material at these radii.
Note that, as described in §2, we use the best-fit recession velocity from Fassia et al. (2001) , which was determined by fitting for the line centers of forbidden emission lines in a high-resolution spectrum from day 36. As Figure 7 shows, the forbidden lines in our early-time spectrum provide a recession velocity in rough agreement with their value, though we defer to the Fassia et al. (2001) measurement to minimize the confounding effects of light travel time differences and to facilitate comparison. Fassia et al. (2001) show that the P-Cygni peak of the Hα line moves from a redshift of +8 to +17 km s −1 between days 17 and 36, while our spectrum on day 2 shows the peak of Hα emission at a redshift of +26 km s −1 . This complex evolution can be explained by considering two effects and their relative time scales. First, the movement of the peak blueward between days 2 and 17 is primarily caused by the engulfment of the inner CSM region by the expanding ejecta. Because the inner CSM has larger velocities than the outer, the transition from an inner-CSM-dominated emission line to an outer-CSM-dominated line narrows the entire feature (both absorption trough and emission peak). Then, between days 17 and 36, the SN shock propagates farther into the extended wind, illuminating more material on the redshifted hemisphere as the paraboloid of emitting material opens up (see Figure 3) , thereby moving the emission peak redward.
3.5. Wolf-Rayet, Luminous Blue Variable, Red Supergiant?
As other authors have noted (e.g., Leonard et al. 2000) , the early emission-line spectrum of SN 1998S shows a remarkable similarity to the spectra of Wolf-Rayet (WR) stars. WR stars generally fall within a well-accepted classification scheme (e.g., Smith 1968; Smith et al. 1996) . In an attempt to understand the properties of the inner CSM, we explore how the early-time spectrum of SN 1998S falls within this classification system. First, the SN spectrum is nitrogen rich, similar to the WN class of WR stars. The He II λ5411 / He I λ5875 peak-to-continuum-flux ratio in our HIRES spectrum (after applying the flux and reddening corrections described in §2) is ∼ 0.6, indicating a WN7 or WN8 classification (Smith et al. 1996) , which is confirmed by the relative strengths of the N III and N IV lines (Smith 1968) . Note that this classification scheme assumes that the major emission lines are fully resolved; for our HIRES spectrum that requirement is satisfied, but it may not be for lower resolution spectra of SN 1998S or other similar objects.
There is, of course, very strong hydrogen emission in the SN 1998S spectrum, with a "hydrogen criterion" greater than 1.3. A value between 0.0 and 0.5 indicates a "normal" WN star, while anything greater than 0.5 is given the "h" postfix (Smith et al. 1996) . The value for our SN 1998S spectrum is well outside the range generally seen even in WNh stars. Note, also, that both the ionization criterion and the hydrogen criterion are defined based upon the ratio of the narrow emission line peak to the local continuum, which is poorly defined (at best) for the two-component lines in the SN 1998S spectrum and does not account for the large amount of flux scattered out of the narrow core and into the broad wings. For the ionization criterion this does not appear to be important, but if one takes into account the broad wings of the H and the He I lines, the hydrogen criterion is even larger than is given above. It therefore appears that SN 1998S has much more H than normal WN stars.
The "strength-width" criterion of Smith et al. (1996) is not very informative when applied to the SN 1998S spectrum. The emission-line profiles observed in SN 1998S are, in general, very different from those exhibited by most WR stars. Figure 8 compares our HIRES spectrum to a WN7h model spectrum by Hamann & Gräfener (2004) -a hydrogen-rich nitrogen WR star with a temperature of T ≈ 50,000 K. While nearly all of the emission features in the HIRES spectrum are also present in the WR model spectrum, the differences between the broad asymmetric P-Cygni WR lines and two-component symmetric SN lines are obvious. Note that we had to choose an effective radius when picking a WR model to plot; this is parameterized by Hamann & Gräfener (2004) by the variable R t , and adjusting its value affects the widths and strengths of all lines and the relative strengths of the P-Cygni absorption versus emission features. No single value of R t produces a good fit with all line profiles of SN 1998S, so we choose to plot a model with log R t = 0.6, which produces a good match with the line profile of the N III/C III/He II complex near 4650Å.
Our physical interpretation is that the CSM around SN 1998S was created by mass loss from the SN progenitor that was compositionally similar to nitrogen-rich WR winds, though generally more hydrogen rich and with a much slower velocity. WR winds undergo acceleration through radiative pressure from their hot, bright, stable, and roughly blackbody central sources, which simultaneously provide the high-energy photons to keep their winds ionized. The early-time spectra of SN 1998S instead show a CSM launched at much slower velocities which was (temporarily) ionized by highenergy photons from the shock breakout and the expanding shock front; these sources are not likely to exhibit a blackbody spectrum.
A self-consistent scenario is that the progenitor of SN 1998S was a RSG which underwent a series of intense and asymmetric mass-loss episodes in the years before core collapse -akin to the outbursts observed in SN 2009ip (e.g., Mauerhan et al. 2013b) . These outbursts launched a great deal of CNO-processed material along with hydrogen and helium at velocities of ∼ 100 km s −1 , building up the "inner CSM" region at the center of the much larger RSG-like "outer CSM" (see Figure 3 ). The strong shock interaction between the expanding SN ejecta and the CSM ionizes and illuminates the system from within, producing the complex spectrum published here.
SN 2013cu
In a remarkable spectrum of Type IIb SN 2013cu taken less than a day after explosion, Gal-Yam et al. (2014) However, as shown in Figure 2 of Gal-Yam et al. (2014) , most of the emission-line profiles in the early SN 2013cu spectrum are unresolved and therefore must have widths of 100 km s −1 , much slower than those expected from a WR wind. SN 2013cu's spectrum is similar to that of a WN6(h) star (Gal-Yam et al. 2014 ), but WN6 stars in the Milky Way have terminal wind velocities of ∼ 1800 km s −1 (Crowther 2007) . The wings of the strongest few lines in the SN 2013cu spectrum do extend out to WR-like velocities if one interprets them as the result of a Doppler shift (v ≈ 2, 500 km s −1 ). On the other hand, it is then difficult to understand why the line cores (and the complete profiles of the weaker lines) are so remarkably narrow.
It instead seems likely that the broad wings of the emission lines in SN 2013cu were created by Thomson scattering in an optically thick CSM moving at a relatively low velocity, the same process that created the characteristic emission-line profiles of SN 1998S. Gal-Yam et al. (2014) also note that the progenitor mass loss rate indicated by their spectrum of SN 2013cu is very much greater than the rates from known WR stars and models, which may be an indication that the mass loss rate increased markedly in the year or so before core collapse -quite similar to the irregular mass loss scenario we ascribe to SN 1998S's progenitor. The detailed emission line profiles and the strong similarities between the early spectra of SNe 1998S and 2013cu cast doubt on the connection between WR progenitors and stripped-envelope SNe. It may be that, rather than a persistent WRlike wind, a short-lived epoch of LBV-like mass loss from SN 2013cu's progenitor created the CSM whose flash-ionized lines populate the spectrum seen in the first hours after explosion.
There is no evidence for an extended outer CSM region in SN 2013cu. The early emission features fade quickly, unlike those of SN 1998S which are sustained by the ejecta/CSM shock front, and the narrow P-Cygni H and He features seen in the spectra of SN 1998S do not appear. Unlike SN 1998S, SN 2013cu was hydrogen poor, exhibiting spectral features characteristic of a Type IIb SN. The progenitors of these two SNe were therefore quite different, with differing masses or, perhaps, with different evolutionary histories owing to the effects of a nearby binary companion star, present in one progenitor system but not the other. If both objects did, indeed, undergo extreme mass-ejection episodes in the 1-10 yr before core collapse, it seems that these episodes can occur in a variety of progenitor systems. The rapid "flash spectroscopy" technique described by Gal-Yam et al. (2014) will be a powerful tool to explore this issue further, enabling the study of the CSM immediately surrounding SNe of various types before it is swept up by the expanding ejecta.
Conclusion
In this article we present what we believe to be the earliest high-resolution (∆λ < 1.0Å) spectrum ever taken of a Type IIn supernova and the earliest published spectrum of SN 1998S: a Keck HIRES spectrum taken only a few days after shock breakout. This spectrum offers a new window onto the complex circumstellar environment of the SN and provides strong evidence for a roughly two-component CSM. The outer CSM region appears to have been created by a RSGlike wind launched from the progenitor over an extended period, but there seems to have been a qualitative change ∼ 10 yr before SN 1998S underwent core collapse, when mass loss increased sharply and large amounts of CNO-processed material was mixed into the wind. This more intense mass-loss period created the inner CSM region which is responsible for the distinctively broad and nearly symmetric emission lines in the early-time spectra of SN 1998S.
We compare the CSM around SN 1998S to that around WR and RSG stars and conclude that the progenitor of SN 1998S was likely a RSG that underwent one or more extreme mass-loss events in the ∼ 10 yr before core collapse, similar to the events observed in SN 2009ip. We compare to the spectrum of the recent Type IIb SN 2013cu and find remarkable similarities, which indicates that the progenitors of qualitatively different SNe may exhibit the same type of extreme mass loss just before explosion.
In the coming era of autonomous spectroscopic studies, capable of observing SNe within mere hours of discovery (e.g., Ben-Ami et al. 2012), many more SNe will be observed at very early epochs. These instruments will be able to observe more SNe in time to see the fading recombination emission from their CSM, flash ionized by the bright shock breakout from the progenitor surface. We hope that SN 1998S, with its long-lived and well-studied CSM-powered emission, can serve as a useful case study and guide for these future observations.
